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A  method  is  described  for  the  calculation  of  the  path3  of  the 
trailing  vortices  from,  a  system  of  counter-rotating  vortex  generators, 
and  a  comparison  is  made  with  sene  experimental  results  obtained  in  a 
water  tunnel.  The  method  can  be  adapted  to  other  configurations  of 
generators  arranged  to  produce  rows  of  vortices  close  to  a  plane  surface. 

Introduction 


A  largo  body  of  experimental  evidence  was  available,  from 
both  wind  and  water  tunnel  tests,  on  the  paths  taken  by  vortices 
downstream  of  soveral  types  of  generator  mounted  adjacent  to  a  surface. 
Observation  had  shown  that  (usually)  the  vortices  first  approached  the 
surface,  until  a  certain  minima  height  above  it  was  reached,  after  which 
they  moved  steadily  away.  The  general  fora  of  the  path  of  any  vortex 
of  the  system  can  be  confirmed  by  qualitative  reasoning,  on  the  basis 
that  there  are  always  one  or  two  vortices  whose  influence  i3  predominant*. 

It  was  found  that  the  minima  height,  and  tho  distance  behind 
the  generators  at  which  it  was  reached,  were  functions  of  the  height, 
span,  spacing  and  inclination  of  the  generators.  Since  the  efficiency 
of  ary  sy3tcn  of  generators  depends  upon  the  vortices  remaining  close 
to  the  surface,  it  would  bo  an  advantage  to  bo  able  to  predict  the 
minimum  height  with  accuracy;  and  if  a  simple  analytical  method  could 
be  found,  it  would  be  more  satisfactory  than  a  lengthy  experimental 
programme.  This  report  i3  an  account  of  tho  the1 — v  os  developed  for  a 
particular  configuration,  but  it  would  be  a  simp]  matter  to  extend 
it  to  other  arrangements. 

2.  Scape  of  tho  Theory 

A  complete  solution  of  the  problem  would  bo  difficult,  if  not 
impossible  to  find.  Hany  factors,  ouch  as  tho  effects  of  viscosity  and 
the  strengths  of  the  vortices,  cannot  be  determined  with  accuracy,  and 
the  time  required  for  a  full  investigation  would  bo  prohibitive.  Tho 
following  main  assumptions  were  found  to  be  necessary 


a/ 


This  paper  was  written  whilst  the  author  was  working  in  tho  Aerodynamics 
Division  of  tho  National  Physical  Laboratory, 


-  2  - 


M  That  three-dimensional  effects  can  be  completely  neglected, 

-  except  tvhen  estimating  the  circulation  around  the  generators,  -  i.e. ,  at 
any  point  downstream  of  the  generators,  the  flow  in  a  plane  perpendicular 
to  the  main  stream  can  be  regarded  as  the  two-dimensional  flow  of  a 
perfect  fluid.  This  assumption  is -commonly  used  in  the  evaluation  of 
wind  tunnel  corrections  -  which  is  an  analogous  problem  -  but  it  might 
be  expected  to  introduce  an  error  in  the  regions  close  to  the  generators. 
The  reason  it  that  a  two-dinens ional1'  vortex  extends  to  infinity  in 
both  directions  normal  to  its  plane,  so  that  the  induced  velocity  at 
any  point  is  twice  that  produced  opposite  the  end  of  a  semi- infinite 
vortex.  Therefore,  close  to  the  generators",  the  induced  velocity  is 
only  about  one-half  that  predicted  by  two-dimensional  flow.  (But  see 
Discussion,  Sec.  6.)  It  is  implicit  in  the  assumption  of  uniform 
two-dimensional  flow  that  the  slopes  of  the  vortex  paths  must  everywhere 
be  small.  Otherwise  the  induced  velocity  would  have  an  appreciable 
component  in  the  direction  of  motion.  This  condition  is  satisfied  in 
all  the  observed  examples. 

(b)  Viscosity  has  been  completely  neglected.  In  practice  it  has 
two  important  effects 

(i)  The  vortices  decoy  in  strength  as  they  move  do?"i3trean.  It  is 
assumed  here  that  the  strength  is  constant. 

(ii)  For  the  greater  part  of  their  length  the  vortices  are  in  the 

boundary  layer  close  to  the  surface.  Hence  the  velocity  of  the 
"undisturbed”  stream  (i.c. ,  undisturbed  by  the  vortices) 
depends  upon  the  distance  IVom  the  surface.  For  simplicity 
this  variation  was  neglected. 

(c)  It  was  al3o  assumed  that,  oven  in  the  presence  of  the  vortices, 
the  component  of  the  velocity  parallel  to  the  surface  remained  everywhere 
uniform  and  equal  to  V. 

3.  Notation 

A,  B  Sfcrws  of  vortices 

D  Distance*  between  generators  (spoirwiso  period) 

V  Velocity  of  the  undisturbed  stream 

p  Density 

x  Spanwiso  co-ordinate 

y  Distance  above  surface 

s  Distance  downstream 

xlfyx  Co-ordinates  of  the  tip  of  a  generator 
x0>y0  Co-ordinates  of  a  particular  vortex  coro. 

5  2*Xo/D 

t) 

6  2«0) 

K  Strength  of  a  vortex 

w(  s)  Complex  potential 

W 


k 

D.V 

Oo  Inclination  of  generators 


Co  Chord  of  generators 

<t>  Effective  incidence 

«  «o/b 

'■'{  x’ )  Dov/rctrash  velocity 

X  DyK 

a  Lift  slope  in  two-d iracns ional  flow 

Wjl  Kean  downwash 

!+•  Theory 

Consider  a  system  of  vortices  in  counter-rotating  pairs 
(sketch  I),  such  as  would  be  generated  by  an  infinite  row  of  "wing-type" 
generators  (See  Ref.  l)  rousted  close  to  a  plane  surface,  and  inclined 
at  a  snail  positive  angle  to  at.*  Tn  tho  sketch,  the  direction  of  the 
undisturbed  stream  is  assumed  to  bo  into  tho  paper.  The  row  of 
equally- spaced  vortices  marked  A  (referred  to  below  as  row  A)  are 
produced  at  the  right-hand  tips  of  the  generators  and  tho  row  B  by  tho 
loft-haisl  tips.  Each  vortex  has  an  imago  of  opposite  sign  in  tho  surface. 

A  system  of  co-ordinates  (x,y,s)  is  chosen  with  tho  surfaco 
cs  x-3  plane  tuvd  with  the  y-s  plana  bisecting  one  of  the  generators. 
Sketch  I  represents  a  section  normal  to  the  flow  at  a  distance  s 
downstream  of  the  generators;  tho  dotted  vertical  lines,  spaced  a 
distance  D  apart,  denote  tho  relative  positions  of  tho  generators. 
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Sketch  I 


Consider/ 


Such  a  system  could  also  bo  generated  by  an  infinite  row  of  pairs  of 
divergent  vanes  protruding  from  tie  surfaco. 
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Consider  the  upper  rows  of  vortices  A  and  B.  If  Ao  is  the 
point  2o(=x,j  +  iy0)  then  Bo  is  the  point  -z  (=  -Xo  +  iyo)* 

It  can  be  shown  that  the  conplex  potential  w(z)  of  these 
rows  of  vortices  is  (Hef .  2) 

-iK  x  iK  x 

"  ~  log  3 in  -  (z  -  z0)  +  —  log  sin  -  (z  +  Z,)  .••0) 

2n  D  2x  D 

Hence  the  complex  potential  of  these  two  rows  and  their  images 
i3 

iX  x  iK  x 

w  a-—  log  sin  -  (z  -  zfi)  +  —  log  sin  -  (z  +  ~z0) 

2x  D  2x  D 

iX  x  IX  x 

+  —  log  sin  -  (z  -  z0) - log  sin  -  (z  +  z0)  ...(2a) 

2x  D  2x  D 

%  now  confine  attention  to  the  path  of  the  vortex  A0,  i.e. , 
z  a  z0.  (it  can  be  inferred  fron  symmetry  that  the  paths  of  the 
vortices  A  and  3  are  symmetrical  about  the  y-axis.)  Nov/  the  row  of 
equally-spaced  vortices  to  which  Ao  belongs  induces  no  velocity  at  Ao, 
hence  tho  notion  of  A0  is  due  to  (i)  the  images  of  the  row  A  and  (ii)  the 
row  B  and  its  images. 

Ihus  to  determine  the  notion  of  A0  ,  we  need  only  consider 
the  complex  potential 

iX  *  iK  •  r. 

w  s  —  I03  sin  -  (z  -  zj  +  —  log  sin  -  (z  +  z0) 

2x  D  2x  D 


iK  X 

-  —  log  3in  -  (z  4  3>)  *..(2b) 

2x  D 

dw  dx  dy 

Hence  —  - i — 

dz  dt  dt 


iK  x  iK  it 

—  cot  -  (z  -  "%)  +  —  cot  -  (s  +  Z0) 
2D  D  2D  D 


iK  X 

--  cot  -  (z  +  .*v,)  ..•(3) 

2D  D 


£0  calculate  the  notion  of  A*,,  put  z  a  zd 


(dw\  [dx  dy, 

~)  -  <~~i~ 

^4Z  Ldt  dt. 


iK  2bty0 

=  —  cot  — — 
2D  D 


iK  ZnXo  iK  &  ,  . 

+  „  TOt - cot  — (x0  +  iy0)  •‘>W 

2D  D  2D  D 


Zrx.  2ry0 

By  witing  ?  =  - —  ,  n  = - 1  equating  real  arxS  isaginory 

D  D 

parts  ar.d  re-arranging  w>  have:-  D  / 
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*>  d  K  tan25 

dt  2D  sinh  2n  ( tana£  +  tanh%) 

D  d  K  tanhs  n 

2  *  dt  2D  sin2£(tan®g  +  tanh3^) 


•♦•(5) 

...(6) 


On  dividing  (5)  'oy  (6)  and  integrating  once  we  get, 

cosech2?]  +  coseca£  =  -2C  ••*(?) 

- a  relation  between  £  and  r?  which  is  independent  of  K. 

It  defines  the  projection,  in  a  plane  normal  to  the  stream,  of  the  path 
of  the  vortex  A  and  is  determined  uniquely  if  the  co-oridnates  in  this 
plane  are  known  at  any  one  instant.  In  a  given  case  the  constant  Ccan 
be  determined  from  the  cc-ordinatcs  the  tips  of  generators 

—  the  point  of  formation  of  the  vortices. 

She  graph  of  the  equation  (7)  for  -sc  <  £  <  it  is  shown  in 
Pig.  1.  The  right-hand  curve  is  the  projection  of  the  path  of  the 
vortex  As.  It  passes  through  the  projection  of  the  tip  of  the  generator 
and  is  symmetrical  about  the  lino  g  =  7/2,  which  therefore  gives  the 
minimum  height.  The  vortex  traces  out  the  portion  of  the  curve  -  shown 
as  a  full  line  -  to  the  right  of  the  tip.  (The  same  projected  path  would 
apply  for  all  generators  with  tips  lying  on  this  curve,  the  part  of  the 
curve  traced  cut  in  each  case  being  the  part  to  the  right  of  the  tip.) 

The  left-hand  curve  is  the  projected  path  of  the  vortex  B0  and  is  the 
niirar  imago,  about  the  axis  $  =  0,  of  that  of  the  vortex  A<>» 

It  should  be  noted  that  the  result  that  the  projection  of  the 
path  of  a  vortex  is  independent  of  the  magnitude  of  K  is  a  direct 
consequence  of  tho  assumption  of  two-dimensional  flow,  and  is  strictly 
true  only  for  a  vortex  which  is  infinitely  long  and  straight.  But  if 
the  slope  of  the  vortex  path  is  everywhere  small,  the  above  conclusion 
may  bo  generalised  to  include  curved  vortex  lines. 

Now  (7)  only  defines  tho  projection  of  tho  path  of  the  vortex. 
The  vorticity  shed  at  tho  tips  is  convected  downstream  with  velocity  V, 
i.e.,  5  and  n  arc  measured  with  respect  to  an  origin  which  is  moving 
with  a  velocity  V.  Thus  the  position  in  space  (x,y,3;  of  tho  shed 
vorticity  after  a  time  t,  will  depend  upon  the  rate  at  which  the  curve 
(7)  is  traced  out.  This  can  be  determined  from  cqps.  (5)  and  (6). 


After  a  time  t 

given  by 


the  vorticity  will  be  some  distance  downstream 
s  a  V.t. 


and  if  we  substitute 


G  a 


2tcs 

D 


cqns.  (5)  and  (6)  reduco  to  tho  dimensionless  form 


-6- 


as 

k  taipg 

as 

srnh2n  (tana£+  tonh9??) 

d« 

k  tank9?? 

dO 

sin2g  (tan +  tanh9r) 

K 

where  k  -  — 

DV 

eqn.  (8)  may  then  be  solved  as  follows, 

we  have  kO  = 

ft  C  tanh9 nl 

1  <1  +  — -- — >  sirih2n  .  dS 

i  |_  tanSj 

.(3) 


•0) 


which  can  he  integrated  in  closed  form  after  first  substituting 

for  n  treat  (7)*  The  expression  i3  complicated  however,  and  in  practice 

it  is  easier,  and  faster,  to  use  a  numerical  method. 


No*./  from  (7),  as  tj  ->  oo,£  tends  to  a  finite  limit  ^mx) 
since  co3ccha^->  0.  Thus  at  a  great  distance  from  the  generators?  the 
vortices  tem  to  become  parallel  once  more.  This  is  confirm  by 
experiment.  The  limits  of  variation  of  §  arc  aid  . 

Various  values  of  £  are  taken  between  these  limits,  and  the  corresponding 
values  of  i)  determined  from  (7).  It  is  then  possible  to  plot  a  graph 
sho7;ing  the  variation  of  the  integrand  cf  (9)  with  5  as  in  Fig.  2. 

The  integral  is  evaluated  by  Simpson's  rule. 

The  integral  represents  k6,  so  that  the  rate  at  which  the 
path  is  traced  oui  is  directly  proportional  to  the  non-dimensional 
parameter  k. 


The  Evaluation  of  k 


Owing  to  the  complicated  nature  of  the  flow  and  the  low 
aspect  ratios  ccfuoon  in  vortex  generators,  it  is  not  to  be  expected  that 
an  accurate  value  of  k  can  bo  obtained,-  but  an  attempt  is  made  hero  to 
determine  the  order  of  magnitude.  As  wo  are  not  interested  in  the  actual 
loading  distribution  over  the  surface  of  tho  generators,  but  only  in  the 
final  strength  of  tho  vortices,  a  "Lifting- lino”  theory  will  be  adequate. 

In  conventional  lifting-lino  theory,  tho  tip  vortices  arc 
assumed  to  lio  along  straight  lines  perpendicular  to  the  3pan. 

Observation  has  shown  that  tho  vortices  are  v/elldevclopcd  at  tho  trailing 
edges  of  tho  generators,  and  that  the  "rolling-up"  process  is  complete 
in  a  very  short  distance;  but  tho  vortices  do  not  remain  perpendicular 
to  tho  span.  (Pig.  A  shows  a  typical  caso.)  However,  this  sparwise 
movement  does  not  take  place  immediately  oft  of  tho  trailing  edge,  but 
tho  vortices  remain  parallel  for  several  chord-lengths •  Therefore,  to 
avoid  an  unjustifiable  complication  in  tho  calculation  of  k,  the 
subsequent  span-wise  movement  is  ignored  and  the  vertices  are  assumed 
to  spring  from  the  tips  and  to  extend  downstream  to  infinity,  remaining 
perpendicular  to  tho  span. 


Sketch  II/ 
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Sketch  II 


The  lines  00  in  sketch  IX  represent  the  traces  of  the  trailing 
edges  of  the  generators,  in  a  plane. perpendicular  to  the  free  stream. 

The  strengths  of  the  trailing  vortices  behind  any  generator 
are  equal  to  the  total  circulation  around  that  generator. 

Hcnco  it  will  be  necessaxy  to  know  the  angle  of  incidence  at 
all  spanwise  points. 

Lot  the  generators  be  at  a  height  yx  above  the  surface,  and 
let. each -generator  bo  of  span  2xi*  Lot  P(x’  ,yi)  be  any  point  on  the 
generator,  with  the  origin  at  mid-span.  Then  the  effective  incidence  at 
P  is 


#  =  °o 


...(10) 


But  it  has  been  assumed- that  all  the  vorticity  is  shed  from  the  tips, 
which  in  turn  implies  that  the  circulation  is  constant  across  the  span. 
For  constant  chord  generators  this  implies  also  tnat  w(x')  must  be 
constant  across  the  span,  a  condition. which  cannot  be  realised  with  a 
simple  horse-shoe  vortex  system.  To  avoid  this,  a  now;  value will 
be  assumed  for  w(x')* 


Then  tho  lift  on  any  span-wise  olcnent  of  span  dx'  and  chord 


There/ 
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There  is  some  uncertainty  as  to  the  best  value  for  vr^,.  but  an 
expression  for  k  will  bo  dorived  on  the  basis  of  an  assumption  that 
seems  reasonable.  Fairlv  large  arbitrary  variations  from  the  assumed 
value  are  later  (§§  5i  6)  shown  to  produce  only  fairly  email  changes  in 
the  vortex  paths. 

The  assumption  is  that  has  the  value  of  w(x*)  at  the 
centre  of  the  span. 


To  calculate  the  induced  velocity  at  mid-span  it  is  necessary 
to  use  the  complex  potential  of  equation  (2a)si.e. ,  the  vortices  in 
row  A  must -now  be -included. 


iK  % 

w  =  .. —  log  sin  -(2  -  2q) 
2%  D 


iK  % 

+  —  log  sin  -  (2  +  z0) 
2%  D 


iK  * 

—  log  sin  -(2  -  z0) 
27.  D 


iK  % 

—  log  3in  -  (z  +  z0)  •••05) 
27  D 


The  mid-span  is  the  point  (0,yi)  and  %  is  assumed  to  be 
the  point  (Xj  +  dy*) 


1)  -  C0t-(x,  ♦  21yi) 

D 


Hence 

fdx  idyl 

iK  f  xx. 

( . ) 

3  —  <2cot - 

l<Jy  dtj 

ur>  & 

(Noto  that  a  factor  of  £  has  been 

since  it  must  now  be  assumed  thac 

...(16) 


2ictj,  2*^ 

On  substitution  of  =  - —  and  7?,  h  — —  and 
D  D 

further  simplification,  the  induced-  volocity  at  mid-span  is  given  by 


w(x' 


K 


0)  = 


tanh  77* 


D  sin  2£^ton3  ^  +  tanh3 


•••(17) 


EX 


where  X  n  — 


D 


tanh  t)x 

A 


,^4?) 


ain^j^tan’^1  +  tanh9 

In  Section  5»  tho  effcot  on  the  solution  of  arbitrary  variations  of  X  are 
examined  (seo  also  Discussion). 


KX 

If  we  substitute  w  =  •—  in  (I4)  wo  have 
i.  D 


Co 


•..(19) 


Using  this  value  for  k,  the  paths  0*  ho  vortices  can  then  be  calculated 
frees  (7)  and  (9). 

It/ 


-  9  - 

It  .will  be  seen  that  k  is  Independent  of  V,  and  indeed  it  is 
a  function  only  of  the  incidence  and  configuration  of  the  generators. 

It  follows  from  (9)  that  0,  and  therefore  the  paths  of  the  vortices, 
are  independent  of  the  velocity  of  the  undisturbed  stress:. 

5.  Comparison  with  Experiment 

To  check  the  accuracy  of  the  preceding  analysis  a  simple 
experiment  was  performed  in  the  small  water  tunnel  in  the  Aerodynamics 
Division  of  the  National  Physical  Laboratory. 

Three  "wing' type"  generators  were  mounted  on  a  0.020"  thick 
braes  plate,  the  spacing  between  the  generators  being  Vs?"*  The  tunnel 
width  wa3  13*%  so  this  arrangement  effectively  provided  an  infinite 
distribution  of  equally  spaced  generators.  The  generators  were  of  1  sq  in. 
shim  brass,  wilh  their  centres  0.5*'  above  the  brass  wlate,  and  were  sol¬ 
dered  to  streamline  supports  at  an  inclination  of  If?  •  A  thin  brass  base 
plate  was  chosen  so  as  to  disturb  the  mainstream  as  little  as  possible. 

The  tunnel  was  run  at  7  ft  per  sec  and  the  paths  of  the  vortices 
were  made  visible  by  introducing  air  into  the  stream  from  fine  jets. 

The  air  collected  in  the  regions  of  low  pressure  at  the  cores  of  the 
vortices.  The  vortices  were  then  photographed,  and  enlargements  made  to 
approximately  2/3  full  size  (Pigs.  and  5)  from  which  it  was  possible  to 
measure  approximately  the  positions  of  the  vortices.  The  plan  view 
photographs  were  token  at  a  slightly  longer  exposure  than  the  elevation 
iew,  and  more  air  was  delivered  from  the  tubes.  The  trailing  vortices 
produced  by  the  left-hand  generator/  Pig.  5,  were  made  visible  by  air 
previously  discharged,  but  still  circulating  in  the  tunnel. 

The  dimensions  of  the  generators  were  such  that  the  co-ordinates 
of  the  right-hand  tip  of  one,  -  (  ty)  in  the  notation  used  in  the 
preceding  section,  -  were  (0.75#  0.75).  The  value  of  the  constant  C  in 
equation  (7)  is  then  found  to  be  1.815*  The  co-ordinates  ($,n)  of 
points  on  the  projected  path  of  the  vortex  are  given  in  Table  I. 

The  limits  of  integration  in  equation  (9)» 
arc  0.75,  2.59  respectively.  The  values  of  kO  found  by  integrating 
this  equation  are  tabulated  in  Table  II. 

The  value  of  A  according  to  equation  (18)  is  found  to  bo 
0.99*  Then,  if  a  is  assumed  to  be  2x,  equation  (19)  give3  k  a  0. 113. 
Arbitrary  variations  of  +30$  in  X#  i.o. ,  in  mean  dewnwash,  give  values 
of  k  equal  to  0.100  and  0.133  respectively. 

The  values  of  0,  and  hence  of  s,  corresponding  to  the  three 
values  of  k  arc  given  in  Table  II.  The  (x,y)  co-ordinates,  derived 
from  the  (5,rj)  co-oidinates  in  Table  I,  are  included  in  Table  II,  so 
that  tho  calculated  paths  can  be  drawn  in  the  physical  plane. 

The  calculated  and  observed  paths  aro  compared  in  plan  and 
elevation  in  Pig.  3* 

6.  Discussion 

In  plan-view  the  agreement  between  theory  and  experiment  is 
good,  Fig.  3,  especially  when  a  large  dowmash  is  assumed,  but  the  elevation 
photographs  show  that  the  predicted  minimum  height  Is  consiberably  in 
excess  of  the  experimental  value.  It  is  probable  that  tho  discrepancy  i3 
duo  to:- 

(i)  Tho  presence  of  the  boundary  layer.  It  is  obvious  that  thcro 
must  be  some  distortion  of  the  vortex  path,  which  will  become  more 
pronounced  as  tho  vortex  approaches  the  surface,  but  it  is  difficult  to  see 
how  any  allowance  could  bo  made  for  this,  since  the  boundary  layer  profile 
will  bo  considerably  modified  by  the  vortices. 
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(ii)  It  has  been  assumed  that,  apart  from  the  downwash  of  the  trailing 
vortices,  the  fluid  has  no  component  of  velocity  towards  the  surface. 

This  is  rot  strictly  true,  since  there  is  a  small  component  normal  to  the 
general  direction  of-  flow,  produced  by  the  bound  vorticity.  Perhaps 
better  agreement  would  have  been  obtained  if  allowance  had  been  made 
for  thi3,  but  as  w&s  pointed  out  in  Sec.  4,  the- assumption- of  two-dimensional 
flow  leads  to  an  over-estimate  of  the  downwash  from  the  trailing  vortice3 
in  the  vicinity  of  the  generators,  so  that  to  some  extent  these  errors 
will  cancel. 

(iii)  A  decrease  in  vortex  strength  due  to  viscous  damping. 

In  plan- view  the  agreement  is  improved  slightly  by  assuming 
a  30 i»  increase  of  downwash,  but  the  discrepancy  produced  by  a  50f»  decrease 
is  not  large.  It  has  been  pointed  out  to  the  writer,  by  M r.  L.  H.  Tanner, 
that  the  true  mean  downwash  is  greater  than  that  at  aid-span,  because 
of  the  rapid  increase  of  induced  velocity  in  the  vicinity  of  the  vortices. 

But  the  larger  proportion  of  the  total  circulation  is  produced  over  the 
centre  sections,  so  that  it  is  doubtful  if  the  outer  sections  contribute 
more  than  the  assumed  3$  increase. 

7,  Conclusions 


The  projection  of  the  vortex  paths  on  a  plane  normal  to  the 
stream  are  shown  to  be  independent  of  the  vortex  strength,  but  the 
rate  at  which  the  path  is  traced  out  is  directly  proportional  to  the 
vortex  strength.  The  vortex  strength  can  be  determined  frca  the 
configuration  of  the  generators,  and  the  three-dimensional  path  may  be 
determined  when  that  strength  is  known* 

The  theory  is  in  fairly  good  agreement  with  experiment,  but  the 
minimum  height  of  the  vortices  above  the  plane  surface  was  less  in  practice 
than  in  theory. 

The  vortex  strength  wa3  estimated  by  a  form  of  "lifting-line 
theory",  from  which  it  was  shown  that  large  cnanges  in  the  mean  downwash 
produce  only  small  changes  in  the  arrangement  of  the  vortices.  It  was 
3hov/n  that  for  a  given  configuration  the  vortex  strength  increases 
linearly  with  speed  of  the  undisturbed  stream,  and  that  as  a  result  the 
paths  of  the  vortices  are  independent  of  that  speed. 

The  results  arc confined  to  flow  over  a  plane  surface;  no  attempt 
has  been  made  to  estimate  tho  effects  of  surface  curvature. 
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